Poor irrigation management in pastures can lead to yield and quality reduction as well as loss of income through extra pumping and leaching of nitrate fertiliser. A number of irrigation scheduling techniques of varying levels of sophistication have been developed over the years to address limited irrigation water availability and maximise productivity. Despite this, the adoption of irrigation scheduling tools by farmers remains low. The objective of this study was to assess the use of simple irrigation scheduling calendars based on average weather data to improve irrigation management in ryegrass. The calibrated Soil Water Balance (SWB) model was used to generate simple irrigation calendars and assess effectiveness for different scenarios by mechanistically simulating water dynamics and pasture growth. Scheduling irrigation using the calendars gave similar irrigation applications, water losses and yields compared to a more scientific real-time scheduling (in response to soil water depletion by the crop). While site-specific irrigation scheduling calendars can easily be generated by consultants and irrigators, even simpler monthly estimates of average daily water use can also be useful. Application of calendars by farmers is encouraged
INTRODUCTION
South Africa has an average annual rainfall of 497 mm, which is far below the world annual average of 850 mm, with two-thirds of the country receiving less than 500 mm (Backeberg et al. 1996) . The uneven distribution of rainfall is significant in limiting natural range production potential throughout the year. As a result, natural range alone is not enough to support livestock production, but must be supplemented with planted pastures to meet the rising demand for food (meat and milk) as human populations increase (Aucamp 2000) . Planted pastures play an important role in livestock production by providing roughage throughout the year, improving fodder flow, the carrying capacity of the farm and the performance of individual animals when the quantity and/or quality produced by natural veld is inadequate (Botha et al. 2008; Neal et al. 2011 ).
In South Africa out of the total 1.2 million ha land under irrigation, only 300 000 ha is planted to pastures (Backeberg et al. 1996) . As with many other regions around the world, limited availability of irrigation water limits the production of pasture biomass. This has resulted in a shift of milkproducing enterprises from the central part of the country to the high rainfall areas of the KwaZuluNatal midlands and the Cape coastal regions (Dickinson et al. 2004) . In these regions, however, irrigation water scarcity is still considered to be one of the main limiting resources for pasture production (Gertenbach 2006) , motivating farmers to schedule irrigation in order to optimise production.
Annual ryegrass (Lolium multiflorum) is one of the most widely grown irrigated winter pastures (Dickinson et al. 2004) . It has high nutritional quality, is very palatable and is high in digestible energy, protein and minerals (Dickinson et al. 2004; Theron and Snyman 2004) . This crop plays an essential role in supplying good quality grazing between the winter and summer seasons, thereby dramatically improving fodder flow options (Eckard et al. 1995) . It is a high water user, however, and its performance is suboptimal under drought or adverse environmental and/or management conditions (Theron and Snyman 2004) . For example, in South Africa, the current farmers' irrigation scheduling recommendation for most temperate grasses, including ryegrass, is 25 mm of irrigation water per week minus cumulative rainfall over the previous week (Macdonald 2006) . This was calculated from class A pan evaporation, which is typically 3-4 mm d−1 in the winter (Steynberg et al. 1993; Tainton 2000) . Evapotranspiration (ET) demand can differ between locations and seasons as a result of varying weather and growing conditions, and is also closely related to the extent of crop canopy. Therefore, there is a need to mechanistically simulate water dynamics and pasture growth in order to develop irrigation guidelines for representative pasture-growing regions (WRC 2006 ).
More accurate irrigation scheduling that includes innovative irrigation management strategies, such as leaving room for rain in the wet season, can lead to increased profits as a result of saved water and electricity costs. This is also beneficial to the environment, as nutrient export via runoff and deep drainage losses is potentially reduced (Tamminga 1992) . In the last five decades, several irrigation scheduling techniques of varying levels of sophistication, based on soil, plant and atmospheric measurements, have been recommended to improve water use efficiency and maximise yield (Stevens et al. 2005) . For example, various computer models, which integrate soil, plant and atmospheric approaches by estimating soil water balance components, have been developed for improving irrigation scheduling (Hillel 1990; Annandale et al. 2011) . The Soil Water Balance (SWB) model (Annandale et al. 1999 ), a real-time, generic crop growth, soil water balance and irrigation scheduling model, is one of these. The model was calibrated and validated for different pastures under a range of management conditions (Annandale et al. 1999; Beletse et al. 2008; Fessehazion et al. 2012 ).
Site-specific calendar-based irrigation scheduling, accounting for local weather conditions and soil characteristics, could provide irrigators with an inexpensive yet reliable strategy to estimate irrigation timing and amount, especially when farmers are not using other tools, such as soil water sensors. Even simpler monthly calendars, which provide information on site-specific daily crop water use, may help farmers in their irrigation management. Recommended irrigation applications can be modified by deducting measured rainfall since the last irrigation event.
The objectives of the study were (1) to evaluate the performance of the SWB model to simulate annual ryegrass water use and growth, (2) to generate site-specific calendars and alternative monthly daily water use calendars, which can easily be used by pasture farmers and (3) to test the effectiveness of these calendars compared to standard irrigation scheduling (refilling to field capacity when a predetermined soil water deficit is reached without stressing the pasture) in two major ryegrass growing regions of South Africa, as an example.
MATERIALS AND METHODS

Model description
SWB is a mechanistic, real-time, generic, crop growth, soil water balance and irrigation scheduling model, which has a user friendly interface (Annandale et al. 1999 , Singles et al. 2010 . It is based on the NEWSWB model of Campbell and Diaz (1988) . SWB calculates reference daily evapotranspiration (ETo) according to FAO 56 recommendations (Allen et al. 1998) . For limited weather data, the model calculates ETo from minimum and maximum temperatures according to Annandale et al. (2002) . Water movement in the soil profile is simulated using either a cascading or finite difference approach. The model simulates dry matter production by calculating a daily dry matter increment as being either radiation or water limited. Phenological development, growth and yield of a crop from emergence to maturity are estimated based on soil water availability and environmental conditions. Water-limited growth is calculated using parameters that directly limit biomass accumulation including a crop stress index (Annandale et al. 2000) . In addition, the model enables an accurate description of deficit irrigation strategies, where water use is supply limited (Olivier and Annandale 1998) . To adapt the model for irrigated pastures, three commonly used cutting options were included, based on accumulated biomass, accumulated thermal time (growing degree days) or variable timing (user defined dates). A detailed description is available in Annandale et al. (1999) and Fessehazion (2011). rows. At planting, 20 kg P ha -1 was applied, and thereafter, 60 kg N ha -1 and 25 kg K ha -1 was applied for each growth cycle.
Site description and crop management
Treatments
Hatfield
Plots had an area of 3.0 m 2 (1.5 m x 2.0 m) with an interspacing of 0.5 m between each plot. Plastic sheeting was inserted to a depth of 1.2 m in the interspaces to limit the movement of water between plots. In both years, plots were irrigated twice a week (W1) or once every two weeks (W2) to field capacity. Treatments were replicated three times and were assigned in a randomised complete block design.
Cedara
Well-watered treatment plots were irrigated weekly to field capacity during autumn, spring and summer, and once every two weeks in winter (W1). Water stressed plots were irrigated only at the start of growth cycles when N fertiliser was applied (W2). ET was also measured for three growth cycles using an energy balance approach in a large field (120 m x 50 m) of well-watered ryegrass to allow for adequate fetch.
Data collection
At both experimental sites, weather data, including daily values of minimum and maximum air temperature and humidity, wind speed, incoming solar radiation and precipitation were recorded using automated weather stations. Soil water content to a depth of 1.0 m was measured using a neutron water meter model 503 DR CPN Hydroprobe (Campbell Pacific Nuclear, USA) at Hatfield and Diviner-2000 probe (Sentek®, Australia) at Cedara. Root zone soil water deficit calculations for irrigation scheduling was made to a 0.60 m soil depth as 90% of ryegrass' active root system is within this depth (Fessehazion et al. 2012) . For forage yield determination, grass was harvested every 28 days at Hatfield and at the 2 to 3 leaf stage at Cedara from an area of 1 m 2 using a manual grass mower to a 50 mm stubble height above the soil surface. Forage dry matter was determined by oven drying samples at 70°C to constant mass.
At Cedara, evapotranspiration (ET) was estimated using energy balance method. The surface renewal (SR) technique was used to obtain the sensible heat flux ( 
Model parameterisation and reliability test
Ryegrass model input parameters were obtained from literature (Beletse et al. 2008 , Fessehazion 2011 
Model application
Once the model was successfully tested, it was used to estimate ryegrass water requirements, develop irrigation calendars and determine crop response to different irrigation scheduling practices for two sites representative of the major milk producing areas in South Africa (KwaZulu-Natal, Cedara and Western Cape, George). Water requirements and irrigation calendars were developed by excluding rain so that irrigators can account for actual rainfall by adjusting irrigation application rates.
The simulated crop was irrigated with a sprinkler irrigation system and the initial soil water content at planting for all soil layers was set to field capacity. This is justified by the high rainfall received during March (Table 1) . Planting dates for this crop in South Africa falls between mid-February and mid-April, and the pasture grows until mid-October to mid-December each year. Long-term simulations were run for 50 years from March to November each year (eight harvests), with a fallow period between seasons. The first harvest was simulated 60 days after planting, followed by harvests at four week intervals in autumn and winter and three weeks in spring and early summer.
[ Table 1 ]
Generation of irrigation calendars
Site-specific calendars
Site-specific calendars were developed using the daily average of the long-term weather data and local soil characteristics. Calendars were developed for sand, loam and clay textured soils representing low, medium and high water holding capacities. A soil depth of 0.40 m was selected because pastures are usually planted on relatively marginal, shallow soils, which are not suitable for most agronomic crops. For the calendar-generating simulation, the pasture was irrigated when 50% of the plant available water was depleted, which was equivalent to 17 mm for the sand, 26 mm for loam and 33 mm for clay soils.
Monthly irrigation calendar (daily water requirement for each month)
Site-specific calendars generated using the model have date and amount of irrigation as output.
However, for farmers who usually move their sprinkler irrigation system from paddock to paddock, it will not always be practical to stick to a single site specific calendar for all paddocks. To cater for this, a monthly irrigation calendar was developed from simulated long-term estimates of water requirements of annual ryegrass. This calendar gives the daily water requirement of ryegrass for each month and farmers can simply multiply the water requirement by the number of days since the last irrigation. For example, if the daily water requirement of ryegrass is 2.5 mm in June for an application rate of 25 mm, then the irrigation interval will be 10 days (25 mm / 2.5 mm d -1 ). If there is rainfall before the next planned irrigation the amount of rainfall can be subtracted to keep the same interval or the next irrigation can be delayed. For example, if rainfall is 10 mm, either the irrigation could be reduced to 15 mm (25 mm -10 mm) or the next irrigation can be extended by 4 days (10 mm rain /2.5 mm d -1 water use).
Testing irrigation calendars
Once the calendars are developed using a long-term average weather data, they need to be tested using real weather data of individual years for medium texture (loam) soils. Therefore, the ability of calendars to accurately inform irrigation scheduling was tested using simulations with historical daily weather data . More scientific real time scheduling, irrigating in response to soil water depletion by the crop, was compared to calendar-based irrigation scheduling strategies. Three irrigation management scenarios described below were tested.
1. Scientific practice (Standard) i.e. refill to field capacity when 50% of the plant available water was depleted.
2. Site-specific calendar (Site-specific calendar) developed using the SWB model based on average weather data.
3. Simple monthly calendar (Monthly calendar) with fixed 25 mm application amount, which is same as the commonly used farmers' irrigation guideline of 25 mm per irrigation, but with a variable irrigation interval according mean daily water requirement for a specific month.
The generated site-specific (2) and monthly calendars (3) developed using long-term average weather data were re-run for all years using real time weather data by subtracting the rainfall from the irrigation requirements between irrigations. Rainfall events of 3 mm or less (between two irrigations) were not considered to contribute to crop water availability and were therefore ignored (Macdonald 2006).
RESULTS AND DISCUSSION
Model evaluation
Simulations generally agreed well with measured data for all variables tested ( Figure 1a ). All statistical parameters imply validation of the model was satisfactory (Table 2) . Agreement between measured and simulated forage yield was better for seasonal cumulative forage production, rather than for individual growth cycles. Forage yield in the last growth cycle was overestimated for all sites and treatments. This was likely due to a reduced number of vegetative tillers at the start of flowering and seed formation towards the end of the growing season (Marais et al. 2003) .
[ (Todorovic et al. 2009 , Annandale et al. 2000 , and could be due to soil variability and soil water sensor inaccuracies. Considering the simple cascading soil water balance approach used in the model, it can be concluded that the model simulated soil water content satisfactorily (Figure 1b ).
For the well watered ryegrass during the period when ET was measured using the energy balance method (three growth cycles) cumulative measured ET was 161 mm whilst the simulated ET was 152 mm. Simulated daily ET rates of well-watered pasture were similar to measured values ( Figure   1c ). The model systematically predicted higher ET compared to measured values when ET was less than 1 mm day -1 , on cloudy and rainy days. However, overall the model predicted ET well with an r
Generated irrigation calendars
Site-specific calendars
Site-specific irrigation calendars developed for two major milk producing regions of South Africa (KwaZulu-Natal Midlands-Cedara and Western Cape-George) for two different soil textures are presented in Table 3 .
[ Table 3 ]
Monthly calendars
Generated monthly irrigation calendars are presented in Figure 2 . Daily mean water requirements of ryegrass for each month for the active ryegrass growing season ranged from 1.8 mm in June (midwinter) to 4.5 in November (early summer). These monthly calendars are general (because they are the same for all soil textural classes and only weather is considered), but simple, and can be used in the absence of site specific irrigation calendars.
[ Figure 2 ]
For example, in both regions considered, using the monthly irrigation calendar reduced irrigation interval in winter and increased it in summer compared to the current farmers' irrigation of 25 mm every week (Table 4) . For an irrigation application rate of 25 mm, irrigation intervals were increased to 12-14 days in winter and reduced to 5-6 days in summer. For the current commonly used irrigation guideline, however, a fixed amount of 25 mm per week would apply (Macdonald 2006).
Therefore, a rigid guideline of 25 mm per week would definitely lead to over-or under-irrigation.
[ Table 3] For site-specific and monthly irrigation calendars, it is important to remember that irrigation applications need to be frequent to ensure seedling emergence and vigorous stand establishment.
Generally, 5-8 mm of irrigation every 2-3 days during seedling emergence and 10-12 mm every 3-4 days during early establishment is sufficient.
Testing generated calendars
Variations in simulated irrigation requirements and unwanted water losses due to deep drainage losses resulting from different irrigation strategies at the two sites are presented in Figure 3 . Since there was no water stress all irrigation strategies produced the same virtual mean yield of 14.4 t ha -1
for Cedara and 16.7 t ha -1 for George over the year the model was re-run using scientific real time irrigation strategy (refilling to field capacity when a predetermined soil water deficit is reached without stressing the pasture), irrigation sites specific or monthly calendars. Higher irrigation requirements were simulated for Cedara compared to George (Figure 3 ), unwanted water loss was, however, similar in both regions.
Irrigation requirements were similar when irrigation scheduling was conducted using site specific irrigation calendars and standard irrigation to field capacity strategies (Figure 3 ). Irrigation applications using monthly calendars were, however, higher by 10-20% and 15-26% when compared to the standard irrigation and site specific irrigation calendars respectively. In spite of higher irrigation applications the monthly calendars can allow farmers to adjust their irrigation interval and amount at their own convenience to match their grazing management strategies according to mean daily water requirement of each month given in Figure 3 . The monthly calendars can also benefit farmers with limited irrigation system, who usually move their irrigation system from paddock to paddock.
Generally, the lowest unwanted losses due to drainage were observed when the standard irrigation to field capacity strategy was followed and were similar to the calendar-based irrigation scheduling used in this study as examples. These water losses which resulted from excessive irrigation application would certainly be accompanied by leaching of nutrients and also may lead to yield reduction and deterioration of water quality. Considering the forecast for 2010 (Whitehead and Archer 2009), for ryegrass production in South Africa, 25% of production cost was allocated to irrigation, and 55% to fertilization. Therefore, using calendar-based irrigation scheduling strategies could have a big impact in saving pumping costs and minimising leaching of nutrients and chemicals. Using the cost savings made from reduced fertilisers, water and energy, a farmer could expand his pastures depending on the availability of land and improve his profits.
The SWB model was successfully used for predicting water requirement and generating and testing irrigation calendars using annual ryegrass as an example. If available, accurate soil water measurements that represent the whole field are preferable to a model predicted soil water balance.
In the absence of such measuring devices, farmers or consultants can generate site-specific calendars (soil and weather, irrigation system and management specific) using models such as SWB. In addition to site-specific calendars, monthly irrigation calendars can also be used. These calendars can also be used in conjunction with other simple irrigation scheduling tools in a way that can be more beneficial than using the calendars alone (Stirzaker 2003) .
Considering the use of a large number of data sets and time consuming determination of input parameters required for the pasture specific models, relatively simple models (such as SWB) may be more applicable. The minimum inputs required for developing site specific calendars are: 1) weather data including location of the farm and long-term weather data including minimum and maximum temperature of nearest weather station; 2) soil depth and textural class (i.e. sand, loam, clay) and 3) irrigation management including irrigation system, timing and refill options. A range of irrigation systems can be selected including flood, sprinkler and pivot. Irrigation timing can be based on three strategies; namely to irrigate at a fixed time interval, when a fixed amount is depleted or when a certain depletion level has been reached. For example: a) Farmers who receive water allocations on specific days (such as those participating in irrigation schemes), usually follow a fixed time interval (eg. every 7 days), b) farmers using a fixed irrigation amount due to practical on-farm limitations (such as the limited capability of the irrigation system, storage capacity of reservoirs, etc) and usually initiate irrigation when soil deficit reaches a fixed threshold and c) farmers may also prefer variable timing and amount to avoid crop water stress (depletion level strategy whenever a certain predetermined percentage of plant available water is depleted from the root zone). Refill options are to field capacity, a deficit, a strategy leaving some room for rain or to apply leaching fractions.
Therefore, irrigators can follow different irrigation management strategies for generating calendars.
Adoption of a more objective irrigation scheduling by farmers, such as the one recommended in this paper, will result in increased profitability to farmers while reducing environmental impact. The model is available on the web (www.up.ac.za/upwi/swb; click on 'software') and can be downloaded free of charge. 
